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Abstract  
In the present study, response surface methodology (RSM) is employed according to central 
composite design (CCD) for modeling and optimization NF membranes fabricated and tuned for 
effective removal of Ni and Cr from electroplating wastewater streams. The effect of 
concentration of poly(acrylonitrile) (PAN: 21-25 wt. %) as the main membrane material as well 
as poly(ethylene glycol) (PEG: 0-1.5 wt. %) and titanium dioxide nanoparticles (TiO2: 0-1 wt. 
%) as the additives and their mutual interaction on membrane performance and morphology were 
investigated. According to the quadratic polynomial model, independent factors were statistically 
signiﬁcant and the obtained models were accurate. The optimized responses for Ni and Cr 
rejection and pure water flux were 87.093 (%), 83.271 (%) and 71.801 (Lit.m
-2
.h
-1
) respectively 
at optimum membrane formulations of PAN: 23.93%, PEG: 0.41% and TiO2: 0.82%. The results 
of validation experiment confirm the data for predicted model at optimum point (Ni rejection: 
88.093 %, Cr rejection: 80.271 % and pure water flux: 76.801 Lit.m
-2
.h
-1
). Both Ni and Cr 
rejections increased from 60.87% to 80.36% and from 56.35% to 78.64 %, respectively upon 
increasing PAN concentration in the dope from 21 wt.% to 25 wt.%. It was also found that 
decreasing PEG concentration led to increase in Ni and Cr rejections and decrease in pure water 
flux. Using of TiO2 nanoparticles led to increase of Ni and Cr rejections and pure water flux at 
different PAN concentrations. From the morphological perspective, increase in polymer 
concentration led to change of porous to spongy like structure while increasing PEG 
concentration led to increase in macrovoids area. Both porosity and mean pore size reduced by 
increase of PAN concentration and decrease of PEG concentration. 
 
Keyword: Nanofiltration membrane, Nickel & Chromium, Electroplating wastewater, Statistical 
analysis, Optimization.  
  
1. Introduction  
Electroplating is one of the most widely used techniques for coating of various objects and 
equipments and generates large amounts of wastewater arising from the various complex steps 
involved in the process. In fact, electroplating wastewater consists of different heavy metals and 
contaminants at concentrations well above the permitted levels and some of them, particularly 
chromium (Cr) and nickel (Ni), are toxic even at low concentrations besides being harmful to the 
human health as well as to the environment. According to the technical surveys, Cr concentration 
in electroplating wastewater ranges from ten to hundreds of mg.lit
-1
 while the permissible limits 
for discharge of Ni and Cr containing streams are 0.2 and 0.05 mg.lit
-1
, respectively [1]. Thus, 
long term and sustainable operation of electroplating industry requires necessary attentions 
toward proper treatment of wastewaters. 
Ion exchange, adsorption, electrochemical processes, solvent extraction, complexation and 
precipitation are among the most widely practiced methods for the treatment of electroplating 
wastewater and removal of heavy metals [2-8]. Some of the disadvantage and limitations of these 
methods are needing addition of chemicals, production of sludge, difficulty in reusing extracted 
heavy metal and high costs among others [5, 6, 9, 10]. On the other hand, since their evolution, 
membrane separation processes have offered advantages such as low energy consumption, 
continuous operation, modular design, high efficiency, minimal labor requirements, selective 
removal of pollutants, low cost, physical separation of contaminants as well as easy operations 
and maintenance [11-21]. Accordingly, application of membranes for effective treatment of 
electroplating wastewater has attracted many researchers and membranologists.  
Among the available membrane based technologies consisting of reverse osmosis (RO), 
electrodialysis (ED), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF) and 
complexation-ultrafiltration (CUF), NF has been examined as the high potential candidate for 
removal and recovery of heavy metals and multivalent ions from various types of wastewaters 
[6, 10, 22-25]. In NF, pressure gradient is driving force of process and separation mechanism lies 
between UF and RO membranes.  NF membranes typically operate at pressures ~0.5–2 MPa and 
can be used for molecular weight cut-offs (MWCO) in the range of 200–1000 g.mole-1 [26-28]. 
NF membranes are often designed to possess electrostatic charge at the surface in order to 
provide better rejection performance in addition to the size selectivity characteristics of the 
  
membrane. Accordingly, the principal mechanisms in NF separation are combinations of charge 
effects and size exclusions.  
Material selection, membrane design, formulation, fabrication as well as process configurations 
and operational conditions play the key roles in the success of NF membranes for any treatment. 
Accordingly, several aspects have been investigated by researchers to enhance the performance 
of NF membranes for targeted applications in the field of wastewater treatment [27, 29].  
Selection of appropriate materials having desired properties is the main factor in preparation of 
membranes. Different types of polymeric materials have been employed to fabricate asymmetric 
NF membranes including aromatic polyamides, polyphenylene sulfone, polysulfone, 
polyethersulfone, cellulose acetate and poly (vinylidene fluoride). Among diverse materials, 
polyacrylonitrile (PAN) has been extensively used  for making membranes for variety of  
applications due to the special characteristics such as possessing hydrophilic group, high thermal 
and chemical stability, good resistance to most organic solvents and commercial availability [30-
42]. PAN is soluble in the polar solvents such as N-methyl-2-pyrrolidone (NMP), Dimethyle 
acetamide (DMAc) and imethyle formamide (DMF) [30, 31, 33, 42]. Due to attractive properties, 
PAN has been used as membrane material either for fabrication of UF membrane or in the 
capacity of substrate for thin film composite NF and RO membrane [41]. Also, PAN is 
recognized as a preferred choice compared to other common polymers (e.g., polysulfone, 
polyethersulfone, etc) for its relatively low fouling tendency in liquid filtration processes [43]. 
Paul et al. [33] investigated the separation properties and surface morphology of PAN 
ultrafiltration membranes. Polymer concentration varied from 10% to 17.5% and led to flux 
reduction from 1900 to 250 lit.m
-2
.hr. This was attributed to reduction of membrane porosity as 
the polymer concentration increased. Nouzaki et al. [30] investigated PAN ultrafiltration 
membrane using PAN 70,000 and PAN 400,000 for water treatment in operating pressures in the 
range of 0.5-1 bar. Reduction in permeability and increase in dextran rejection were observed 
with increasing polymer concentration. Due to the flux reduction with increasing PAN 
concentration, they used poly(vinylpyrrolidone) (PVP) in order to increase flux. In overall, PAN 
membranes demonstrated low susceptibility to chlorine attack and good resistance against 
cleaning agents [43].   
In addition to material selection, improving the structure of membranes has been subject of 
various studies [44-48]. Different approaches such as bulk modification, blending and surface 
  
treatment have been used for tuning the intrinsic properties of base polymer. Embedding of 
additives has also been considered as one of the efficient techniques for surface improvement in 
terms of hydrophilicity, roughness, surface charge and pore size. Many types of materials 
including hydrophilic polymers, amphiphilic polymers, and inorganic materials have been 
explored as additive. Poly (vinylpyrrolidone) (PVP) and polyethylene glycol (PEG) are among 
the most common hydrophilic additives used as a pore former to improve the permeate flux. PEG 
is a polymer with different chain lengths having low toxicity and good miscibility in water and 
other common solvents [3, 49]. PEG as a pore former imparts hydrophilicity due to having 
chains with highly hydrophilic nature and leads to formation of a porous structure with direct 
influence on the flux [26, 49-51]. Akbari et al. [26] utilized PEG with different molecular 
weights for preparation of polysulfone based membranes and their findings indicated that 
increasing the molecular weight of PEG from 200 to 600 Da in membrane preparation step led to 
increase in pore size and MWCO from 3.42 to 4 nm and from 6000 to 8000 Da, respectively. 
Saljoughi et al. [52] investigated the effect of changing PEG concentration on the membrane 
performance and morphology. Addition of PEG into the dope solution led to formation of 
macrovoids in sublayer and increasing of permeate flux and membrane final thickness. 
On the other hand, several studies have been carried out on the possibility of improving the 
performance of membranes by incorporation of nanoparticles and inorganic additives [24, 28, 
53-62]. For instance, Daraei et al.[24] studied the effects of embedding surface modified iron II 
and III oxide (PANI/Fe3O4) nanoparticles on the performance and morphology of 
polyethersulfone NF membranes for Cu (II) removal from water. They showed the membrane 
containing 0.1 wt.% PANI/Fe3O4 nanoparticles offered the highest Cu (II) ion removal efficiency 
while the pure water ﬂux was very low due to the partial pore blockage caused by the particles. 
In another study, Gholami et al. [53] investigated lead removal from water by nanoﬁltration 
membranes prepared from polyvinyl chloride containing Fe3O4 nanoparticles. The modiﬁed 
membrane containing 0.1 wt.% Fe3O4 nanoparticles showed the highest lead rejection 
performance.  
Among the various types of nanomaterials, titanium dioxide (TiO2) exhibits photo-catalytic and 
super hydrophilicity properties that can influence antifouling characteristics and permeability 
simultaneously [54, 57]. The properties and performance of modified polysulfone NF 
membranes containing different size and loadings of TiO2 nanoparticles was studied by 
  
Vatanpour et al [57]. They reported that use of nanoparticles in membrane led to an increase in 
hydrophilicity and permeability. It also affected the pore radius and porosity of membrane. At 
high nanoparticles loading, the permeate flux of mixed matrix membrane decreased due to 
agglomeration of nanoparticle, especially at membrane skin layer. Despite the potential 
advantages of PAN itself, only limited studies are devoted to the applications of PAN for 
wastewater treatment and particularly for separation of heavy metals ions from electroplating 
waste streams.  
The aim of the present study is to perform a systematic investigation on development of NF 
membranes from PAN by exploring the effects of prominent formulation, fabrication and 
operational parameters. In addition, the effects of addition of TiO2 nanoparticles (as an inorganic 
additive) and PEG (as an organic additive) for tuning the structure, surface characteristics and 
separation efficiency of the developed membranes are being examined. The experiments and 
results are analyzed using appropriate statistical analysis as a useful tool with the objective of 
optimizing nickel and chromium rejection and water flux. To the best of our knowledge, and 
based on the detailed review, this is the first report on the exploitation of PAN as the selective 
material in fabrication of NF membranes for electroplating wastewater treatment. 
 
2. Experimental  
2.1.  Materials 
Poly (acrylonitrile) (MW=90,000 g.gmol-1) in the form of white powders was purchased from 
Polyacryl Co., Isfahan, Iran. Dimethylformamide (DMF) and Poly(ethylene glycol) (PEG 4000) 
(CAS No.: 25322-68-3) were purchased from Merck (Germany) and used as the solvent for 
preparation of polymer solutions and as additive to the dope solutions, respectively. The 
chemical structures of PAN, DMF and PEG are shown in Fig. 1. 
Titanium dioxide (TiO2) nanoparticles (CAS No.: 13463-67-7) were purchased from US 
Research NanoMaterials and used as inorganic additive in the dope solutions. The properties of 
TiO2 particles are provided in Table 1. Nickel and Chromium salts in the forms of NiSO4.6H2O 
and K2Cr2O7 (purity>99%) were supplied by Merck and used for preparation of synthetic 
aqueous solutions. Polyeseter based nonwovens (Hollytex #3329; basis weight: 96.5 g.m
-2
, 
thickness: 0.135 mm, air permeability: 41 L.m
-2
.s
-1
) were purchased from Ahlstrom Corp. and 
used as substrate for casting of membranes. 
  
 
2.2.  Membrane fabrication  
Flat sheet membranes were fabricated through phase inversion technique by preparing 
homogenous polymeric solution containing PAN, PEG, and TiO2 in DMF according to the 
following procedures: Firstly, prescribed amounts of PAN powders were dried for at least 5 
hours at 100
◦
C in oven before being added to the solvent. For preparation of pure polymeric 
membranes, the powders were gradually added to the solvent while continuously stirring (500 
rpm) and heating (60
o
 C) until homogenous solutions obtained. For membranes containing PEG, 
both PAN and PEG were added together following the procedure used for pure polymer. 
However, for preparation of mixed matrix membranes, calculated amounts of nanoparticles were 
gradually added to the solvent followed by sonication for 10 min. Polymer powders were then 
added to the solution while stirring.  
All the solutions were stored for overnight at ambient temperature to ensure no bubbles are 
trapped. Solutions were poured onto the nonwoven polyester substrates followed by leveling the 
surface (gap: 200 micron) at a constant speed using a semi-automated knife casting machine. The 
nascent films were immediately immersed into the coagulation bath containing tap water 
maintained at room temperature (25
o
C). All membranes were remained in water for at least 24 
hrs to complete the coagulation process. Membranes were stored in cyclically refreshed water 
until performance tests. Based on the experimental design procedures, the concentration of PAN, 
PEG and TiO2 varied in the range of 21-25 wt.%, 0-1.5 wt.% and 0-1 wt.%, respectively.  
 
2.3. Characterizations 
2.3.1. Morphological studies 
Scanning electron microscopy (SEM) analysis was performed on a Philips SEM by exposing 
membrane surface and cross section to a beam of electrons at a certain accelerating voltage. 
Membranes were cut into small size and then submerged in liquid nitrogen before being broken. 
Membrane samples were gold-coated to enable electric conductivity [53, 63].  
 
2.3.2. Water content & porosity measurements  
The water content (WC) test is a measure of membrane hydrophilicity and can be calculated 
through Eq. 1 as follows: 
  
WC (%)=
            
    
*100                                                                                                         (1)                                              
The procedure was carried out by submerging certain samples of dry membrane in water at 25°C 
for 24 hrs. Soaked samples were then removed and the surface waters were wiped off before 
weighing. Samples were then dried in oven at 50°C for 8 hrs and weighed again. This procedure 
was repeated at least five times to obtain reproducible results [24, 53]. 
Porosity (ε) is the volume fraction of interstitial spaces in membrane structure and can be 
calculated according to Eq. 2 [64]:  
ε (%) =
            
     
 *100                                                                                                           (2) 
where ρ is water density (Kg.m-3), l is membrane thickness (m) and A is membrane effective 
surface area (m
2
). 
Membrane mean pore radius (rm) was determined using Guerout–Elford–Ferry equation using 
Eq. 3 [65]: 
rm= 
                
    
                                                                                                                    (3) 
where, rm is mean pore radius (m), η is water viscosity (at 25°C), l is membrane thickness (m), Q 
is the volumetric flow rate of the permeated water (m
3
.h
-1
), A is membrane effective surface area 
(m
2
), ε is membrane porosity and ΔP is the testing pressure (10 bars). 
 
2.3.3. Contact angle 
The information arising from contact angle analysis can determine the degree of hydrophobicity 
or hydrophilicity of a membrane surface. This was performed using the sessile drop method with 
a goniometer (G10 KRUSS, Germany). A distilled water droplet was placed onto the membrane 
top surface and the contact angle between the water drop and the membranes was measured. In 
order to ensure reproducibility, measurements were carried out more than 10 times and at 
different spots. 
 
2.4. Performance Evaluation 
Performance evaluations were carried out using synthesized solutions based on a typical 
electroplating wastewater. Certain amounts of metal salts were dissolved in distilled water and 
solutions containing 50 mg.lit
-1
 NiSO4·6H2O and 50 mg.lit
-1
 K2Cr2O7 were obtained.  
  
Experiments were carried out on a cross-flow permeation set-up schematically presented in Fig. 
2.  
Effective surface area for each membrane was ~15 cm
2
. In order to avoid possible membrane 
compaction during the experiments, each membrane was pressurized for 1 hr at 20 bar using 
water before conducting pure water flux and rejection tests. The actual runs were performed at 
10 bar and 25±3°C. Both permeate and retentate streams were returned into the feed tank and 
recycled (except during sample collection) in order to maintain feed composition within the 
range until steady state conditions reached. After each run, the membrane cell and tube lines 
were fully rinsed with distilled water for 30 min at 5 bar to ensure no interference in subsequent 
runs.  
The water flux (Jw) was calculated according to Eq. 4:  
Jw= 
 
      
                                                                                                                                        (4)  
where V is the volume of permeated water from the membrane (L), A is the membrane effective 
surface area (m
2
) and Δt is the duration of permeate collection (hr). Pure water flux was 
measured using distilled water at 25±3
◦ 
C. A plot of pure water flux versus pressure gives a slope 
that is pure water permeability (LP) and can be calculated using Eq. 5. 
Lp=
  
  
                                                                                                                                             (5) 
Rejection tests were carried out using synthetic salt solutions. Cr and Ni rejection were 
calculated using Eq. 6 [53]:  
R = 1 – 
  
  
 ×100                                                                                                                             (6)  
where Cp and Cf are concentrations of Cr and Ni ions in permeate and feed, respectively. 
Concentrations of Ni and Cr in the feed and permeate were measured by an atomic absorption 
spectrophotometer (SHIMADZU, Japan) 
 
2.5. Statistical analysis  
RSM technique was employed using Design-Expert 6.0.2 software for optimization of the results 
[66-68]. The effects of independent variables including PAN, PEG and TiO2 concentration at 
three levels on pure water flux and Cr and Ni rejection were investigated. The most general 
response surface method is the central composite design (CCD). 2
3 
factorial designs with six 
axial points and six central points were selected. In order to obtain a good estimation of 
  
experimental error, central points were repeated for six times. The trend of the system was fitted 
using a quadratic model according to Eq. 7:  
 
           
 
         
                 
 
     
   
                                            (7) 
 
In this equation, y is the response, β0 is a constant coefficient, Xi is non-coded variable, βi is 
linear interaction coefﬁcient, βii is the quadratic interaction coefﬁcient, βij is the second order 
interaction coefﬁcient, ε is the residual of each experiment. Table 2 provides a list of independent 
variables and coded levels. Also Table 3 provides the list of the samples and their corresponding 
independent variables and responses. 
 
3.Results and discussion  
3.1.Effect of polymer concentration on the morphology and performance of NF membranes 
The SEM analysis was used to evaluate how the polymer concentration affects the membrane 
morphology (Fig. 3). A comparison between these images reveals that polymer content had 
significant impact on the cross section morphology. A low polymer concentration led to a more 
porous membrane with more finger-like macrovoids which extend from the top (sir side) to 
bottom (glass side) surfaces of the membrane. As reported in literature, an instantaneous 
demixing makes finger-like macrovoids whereas delayed demixing results in sponge-like 
structure. By increasing the polymer concentration from 21 wt % to 25 wt %, the finger-like 
macrovoids vanished and spongy-like structure expanded throughout of the membrane. 
Moreover, the area fraction of macrovoids in sub-layer became smaller, causing a decrement in 
final thickness of prepared membrane. Similar results were reported in case of other integrally 
asymmetric NF membranes [69, 70]. 
The variation of porosity and mean pore size of membranes with change in polymer 
concentration is provided in Table 4. By increasing the polymer concentration in dope solution 
from 21 wt.% to 25 wt.%, the mean pore size and porosity of fabricated membrane decreased 
from 10.15 nm to 7.99 nm and from 59.44% to 44.41%, respectively. The trend of variation of 
the mean pore size and porosity is matched with the trend of the pure water flux. At lower PAN 
concentration, the delayed demixing occurs which suppresses the formation of finger-like pores 
and reduces the porosity of membrane due to increased solution viscosity. Moreover, According 
  
to Fig. 4 (a) and (b), the contact angle of the membranes increased from 43.3⁰ to 59.98⁰ whereas 
the water content decreased from 52.87 to 39.14 by increasing of PAN concentration from 21 
wt.% to 25 wt.%, respectively. The results are in good agreement with previously reported 
findings [40, 51, 61]. As reported by Sotto et al. [56], higher polymer concentration affects the 
surface porosity and surface roughness and changes the contact angle based on Wenzel's model. 
Given that both membranes are made from PAN, the greater contact angle of the membrane 
fabricated using the casting solution with a more PAN content, can strongly be related to the 
decreased porosity of membrane surface. 
 
The influence of polymer concentration on the pure water flux of the PAN membranes is shown 
in Fig. 5 (a). Results indicates that an increase in PAN content in casting solution from 21 wt% 
to 25 wt% corresponds to a decrease in pure water flux from 94.86 Lit.m
2
.h
-1
 to 41.35 Lit.m
2
.h
-1
, 
respectively. This can be described by the increase in dope solution viscosity with increasing 
PAN concentration, which hampers the penetration of non-solvent (water) into polymer film and 
reduces the diffusional exchange rate between solvent and non-solvent during solidification 
(phase inversion) process. Increased viscosity acts as a void-suppressing agent and changes the 
path of demixing process from instantaneous to demixing. It is reported in literature that the 
delayed demixing leads to sponge-like structures with lower porosity and permeability. 
Increasing the polymer content in the casting solutions strongly altered the separation efficiency 
of prepared membranes for Ni and Cr rejections. According to Fig. 6, Ni and Cr rejection 
increased from 60.87% to 80.36% and from 56.36% to 78.64% upon increasing PAN 
concentration in the dope from 21 wt% and 25 wt%, respectively. Rejection of solute by NF 
membrane is governed with two mechanisms: (1) size exclusion and (2) electrostatic charge 
repulsion combined with Donnan effect. According to Table 4, higher polymer content decreases 
the pore size of membrane, resulting in improvement of solute rejection based on size exclusion 
mechanism. Moreover, PAN has negative surface charge in nature. Therefore, the separation 
mechanism of PAN-derived membranes is also influenced by electrostatic charge repulsion and 
Donnan effect.  
 
3.2.Effect of PEG concentration on the morphology and performance of NF membranes 
  
The effects of hydrophilic nature of PEG and its concentration in casting solution on the 
structure and separation efficiency of PAN-derived membrane were investigated. Based on 
literature survey [50], PEG may potentially augment the performance of the membranes through 
inducing hydrophilicity and optimizing both surface and bulk morphology. According to the 
experimental design, this examination carried out in the case of membranes containing 23 wt. % 
PAN and 0.5 wt. % TiO2 dissolved in DMF. Fig. 7 shows the SEM cross section micrographs of 
membranes fabricated with different concentration of PEG. All prepared membranes illustrated 
in Fig. 7, display an integrally asymmetric structure including a dense skin layer and a porous 
sub-layer with finger-like macrovoids extended from top to bottom of membrane. It is clear that 
by increasing PEG concentration the selective layer thickness increased, the size and geometry of 
finger-like macrovoids changed and the uniformity of macrovoids improved. According to SEM 
analysis, PEG acts as pore forming agent during the formation of membrane structure. The 
addition of PEG in the dope solutions has two opposite effects.  (1) As reported in literature [71], 
existence of PEG increases the viscosity of dope solution. It suppresses the formation of finger-
like macrovoids after immersion in coagulation bath. Increased viscosity reduces the solvent 
(DMF) and non-solvent (water) exchange rate during solidification process. (2) PEG has 
hydrophilic properties. Addition of PEG decreases the thermodynamic stability of dope solution, 
which causes rapid instantaneous demixing and accelerates the formation of finger-like 
macrovoids during solidification process [71]. In current research, it seems that later effect is 
governed.  
Porosity, mean pore size, membrane thickness, and area fraction of macrovoids were also 
obtained. According to the data in Table 5, porosity, mean pore size as well as the area fraction 
of macrovoids gradually increased by increasing the PEG concentration. In fact, addition of a 
low amount of PEG makes the dope solution thermodynamically instable. However, at high PEG 
loading, increased viscosity of dope solution results in kinetic hindrance during phase inversion 
process. In this study, low amounts of PEG were used and thermodynamic instability and 
consequently instantaneous demixing governed the phase inversion process [28]. Instantaneous 
demixing causes the formation of macrovoids in sub-layer and more porous structure at top - 
layers. Increasing the PEG content also increased the membrane thickness because the 
precipitation process is stopped more quickly, which is in good agreement with literature [26, 
30]. According to Fig. 4, it was also found that the addition of PEG slightly altered the 
  
hydrophilicity of the membrane surface owing to the intrinsic hydrophilic nature of the PEG and 
its transfer toward membrane surface during the membrane formation process, [59]. 
As shown in Fig. 5, addition of PEG from 0 wt% to 1.5 wt% enhanced the pure water flux from 
65.40 lit.m
2
.h
-1
 to 100.29 Lit.m
2
.h
-1
, respectively. It is clear that utilization of PEG as additive 
significantly enhanced the pure water flux. As expected, the pure water flux of the modified 
membranes was higher than that for the bare ones. In fact, the embedding of PEG into the 
polymer matrix enhances the wettability and porosity of the prepared membrane, which results in 
higher pure water flux. Since PEG is soluble additive in water, the major amount of PEG is 
extracted from the polymer film during the membrane formation process and only residuals 
remain within the membrane matrix. Thus, the main contribution of PEG to the membrane 
characteristics can be attributed to the pore formation and alteration of morphology than altering 
the wettability and surface characteristics [50].  
 
the impacts of PEG content on the separation efficiency is illustrated in Fig. 6. It is obvious that 
the retention of Ni and Cr ions decreased by addition of higher content of PEG in the casting 
solutions. The Ni and Cr rejection decreased from 82.88% to 75.36 and from 79.42% to 73.51 in 
NF membranes prepared using dope solutions (23 wt.% PAN) containing 0 wt.% and 1.5 wt.% 
of PEG, respectively. Similar trends were found on the effects of PEG content on cellulose 
acetate membranes performance for rejection of dextran and HSA [52, 72]. The decrease in ion 
rejection with increasing PEG concentration may be due facilitated transfer rate of PEG and 
water (non-solvent) during precipitation process, resulting in larger pores on the membrane 
surface as also evidenced from mean pore size data in Table 5. 
 
3.3. Effect of TiO2 nanoparticle concentration on the morphology and performance of NF 
membranes 
Several research works have considered the advantages of addition of nanoparticles on the 
membrane properties and performance. Nanoparticles are used to enhance antifouling properties, 
water transport, and physicochemical properties of membrane due to surface functional groups 
and hydrophilic properties of some nanoparticles, through improving interactions between 
nanomaterials/polymer matrix/solvents system. Fig. 8 shows the pure water flux of NF 
membranes prepared using different concentration of TiO2 as inorganic additive. The pure water 
  
flux improved form 84.28 Lit.m
2
.h
-1 
to 93.97 Lit.m
2
.h
-1 
upon increasing TiO2 in the casting 
solution from 0 wt.% to 1 wt.%. The main factors contributing to the permeation flux of the 
membrane are surface pore size, porosity, skin layer thickness, and hydrophilicity. The porosity 
results display that the porosity of all prepared membranes improved by incorporation of 
nanoparticles. Entrapped nanoparticles in polymer matrix can alter the interaction between 
polymer chains and solvent (DMF) molecules, accelerated the exchange of solvent and non-
solvent. Therefore, the porosity of nano-composite membrane could be higher than bare PAN 
membrane.  
The contact angle results also exhibited in Fig. 4. As shown in Fig. 4 (c) and (d), by 
incorporating the TiO2 nanoparticles into polymer matrix, contact angle of prepared membranes 
significantly decreased, ,. The significant change in contact angle can be related to hydrophilic 
nature of TiO2 nanoparticles. The unmodified membrane had the lowest hydrophilicity. By 
increasing the TiO2 nanoparticles concentration up to 1.5 wt. %, the contact angle continuously 
declined. The increased hydrophilicity and porosity improved the pure water flux through 
facilitating the penetration of nano-solvent molecules to the membrane medium and its diffusion 
within the membrane. Fig. 9 shows the cross section morphology of the membranes containing 
various amounts of TiO2 nanoparticles. The skin layer and sub-layer have dense and spongy-like 
structures, respectively. The structure of membrane as well as geometry of macrovoids turned 
into a more uniform shape upon increasing the TiO2 concentration. In fact, membrane containing 
more TiO2 seems to have larger macrovoids than those with no or lesser TiO2. The hydrophilicity 
of TiO2 particles and their presence on the surface of the nascent film which can promote the 
intrusion of water during phase inversion [56, 73]. According to data in Table 5, initially, both 
mean pore size and area fraction of macrovoids increased and then decreased with increasing of 
TiO2 concentration which may be due to the possible agglomeration of nanoparticles at high 
concentration (i.e., 1%) of TiO2. The SEM images of the top surface of the membranes 
containing TiO2 are shown in Fig. 10. According to these images and overall observations of the 
surface, nanoparticles were almost uniformly dispersed on the surface regardless of the presence 
of PEG (e.g., Fig. 10 (c) and (c’)) or their absence (e.g., Fig. 10 (b) and (b’)). 
Considering the effect of nanoparticles on the performance of membranes are exhibited in Fig. 
11. Data revealed that both Ni and Cr rejection were considerably increased upon incorporation 
of TiO2 nanoparticles into the membrane matrix. Slight improvements in the rejections were 
  
achieved upon addition of more TiO2 into the membrane. According to Fig. 10, the addition of 
optimum amount of nanoparticles into dope solution accompanied with good dispersion can 
augment the solute rejection. The high loading of nanoparticles can produce the aggregates, In 
addition, the casting solution viscosity increases at the high loading of nanoparticles. Increased 
viscosity lead to slow demixing process and allow the nanoparticles to be aggregated near each 
other. At high loading, the nanoparticles tend to attract to each other by van der Waals forces and 
led to the agglomeration and reduction in the surface energy [10, 51]. 
 
3.4. Statistical analysis  
Nowadays, membrane manufactures try to improve the morphology of membranes and to 
optimize the process conditions [74-77]. In conventional experimentation methods, the effects of 
each variable are investigated while other parameters are remained constant. This procedure 
often involves many experimental runs, ignores interaction effects between the parameters, is 
time consuming and potentially leads to low efﬁciency in the optimization process. Statistical 
analysis is a useful tool and can overcome these limitations by employing an appropriate 
statistical method. Response surface methodology (RSM) provides a statistical design of 
experiments through which all factors change together over a set of experimental runs. In fact, 
RSM is regarded as a combination of mathematical and statistical techniques for improving, 
developing and optimizing processes and can be utilized for evaluation of the relative 
significance of the independent process factors, particularly when complex interactions exist. By 
using RSM, response surface plots provide information about relationship between the factors 
and responses. The design of experiments (DoE) and RSM have been successfully employed in 
various technical and scientiﬁc ﬁelds such as applied physics and chemistry, biological, 
biochemistry, environmental protection, chemical engineering as well as for membrane process 
systems [78-80]. Accordingly, this technique was used for analysis of the findings in this study.  
 
The quadratic polynomial response surface model (Eq. 7) was appropriate for all of the 
responses. Evaluation of each response was done as a function of linear, quadratic and 
interaction terms of independent variable including PAN, PEG and TiO2 concentration. In order 
to examine the statistical significance of the terms and model fitting, ANOVA and regression 
  
analysis was used. Table 6 shows the regression coefficients for the quadratic polynomial models 
and corresponding coefficient of determination (R
2
) for each response.  
 
In addition, the coefficient of variation (CV) and adj-R
2
 was checked for adequacy of models. 
The R
2
 values were 0.9835, 0.9749, and 0.9929 for Ni rejection, Cr rejection and pure water flux 
respectively. The higher R
2
 shows the model desirability to demonstrate the relationship between 
variables. Since R
2
 is greater than 0.8, models were appropriate to present the trends. However, 
when the value of R
2
 is closer to one, the models fit the actual data. The lower value for R
2
 
indicates that model is not suitable for illustrating the relation between variables. It should be 
noted that R
2
 will always increase upon addition of more variables to the model, regardless of 
statistically signiﬁcance of the variable. Therefore, a large R2 does not always guarantee the 
appropriateness of the model. For this reason, it is more appropriate to utilize an adjusted-R
2
 of 
over 90% to evaluate the model adequacy. A significant lack of fit shows that the model is not 
successful to display the data in the experimental domain at which points were not included in 
the regression [81]. The lack of fit of all variables was not significant (p>0.05) indicating that all 
of models correctly predicted the related responses. CV demonstrates the extent to which the 
data has dispersed. Generally, CV should not be greater than 10%. A large CV represent that 
mean value variation is high and does not develop an adequate and satisfactory response model 
[81]. According to the data in Table 6, the results indicated that the CV was less than 10% for all 
the responses, it show a better accuracy and reliability of the conducted experiments. In fact, the 
quadratic model was able to predict the responses with good estimation.  
The p-values can be employed as a factor to evaluate the importance of every coefﬁcient. This 
factor is crucial to investigate the pattern of mutual interactions between the experiment 
variables. The smaller value of p implies that the studied coefﬁcient is more important. Thus, 
model  terms are important when p-values are less than 0.05 [81]. From the model of Ni rejection  
and according to data in Table 6, linear effect of PAN, PEG and TiO2 concentration, the 
quadratic effect of PAN and TiO2 were significant (p<0.01). Based on the sum of square, the 
importance of independent variables on Ni rejection ranked in the following order: PAN 
concentration > TiO2 concentration> PEG concentration. In addition, the results indicate that the 
largest effect firstly related to linear and quadratic term of PAN concentration then to TiO2 
concentration. 
  
The result of Cr rejection in Table 6 show that the linear effect of PAN, PEG and TiO2 
concentration and quadratic effect of PAN and TiO2 were significant (p<0.01) and indicate 
mutual interaction between variables has not significant effect on Cr rejection. Based on the sum 
of square, the importance of independent variables on Cr rejection is similar to Ni rejection. The 
given results in Table 6 show that linear extraction PAN, PEG and TiO2 concentration had the 
signiﬁcant effects on pure water flux (p < 0.0001, p < 0.01). Quadratic effects of PAN and PEG 
concentration were signiﬁcant at less than 0.01. The results also illustrate that among the 
interactions, PAN and PEG concentration had signiﬁcant effects on pure water flux (p < 0.01). 
Fig. 12 shows that the quadratic model is in appropriate agreement with the experimental results. 
In this ﬁgure, each experimental value is compared to the corresponding model predicted value. 
The results indicate that the models used in this research can predict the best membrane 
formulation.  
 
3.5.Optimization 
The objective of optimization in response surface is to ﬁnd a desirable situation in the design 
space. This could be a minimum, a maximum, or an area where the response is stable over a 
range of factors [82]. The optimum condition for PAN, PEG and TiO2 concentration was 
determined to obtain maximum Nickel and Chromium rejection and pure water flux. This 
optimum condition is provided in Table 7 showing the best value for Nickel rejection (87.093 
%), chromium rejection (83.271 %) and pure water flux (71.801 Lit.m
-2
.h
-1
). Fig. 13 (a) and (b) 
present the overlaying plots for the three responses that evaluated as a PAN, PEG and TiO2 
concentration. These plots show the best combination factors. A small shaded area of the three 
responses is determined as the optimum area that displays a larger value for Ni and Cr rejection 
and pure water flux. Fig. 14 also shows the pure water permeability for the optimized membrane. 
The pure water ﬂux rises linearly with increase of applied pressure. According to Eq. 5, 
permeability of the optimized membrane is 14.598 that is a typical value in the range of 
nanoﬁltration membranes permeability. Table 8 provides the performance data for several 
commercial and non-commercial NF membranes [81, 83-86]. It is clear that the water flux for 
the optimized membrane fabricated in present study stands better than the other listed 
membranes. This result can be due to desired porosity and thickness of prepared membranes. The 
Ni and Cr ions rejection of prepared membranes seems to be satisfactory considering the 
  
operating pressure of present study compared to the testing pressure for the rivals. Also, the Ni 
rejection was higher than Cr rejection. 
 
 
4. Conclusions  
The effects of PAN, PEG and TiO2 nanoparticles concentration on membranes characteristics, 
such as morphology, wettability (contact angle), pure water flux and nickel and chromium 
rejection, were investigated. In order to analyze the interaction between the independent factors, 
Response Surface Methodology (RSM) was utilized. The results showed that the effects of PAN, 
PEG and TiO2 concentration were statistically significant. Among the investigation parameters, 
PAN concentration had the greatest effect on membrane performance and morphology. Increase 
in PAN concentrations resulted in membranes with less porosity and mean pore size, having 
limited finger-like voids in the internal microstructure and a denser layer on top. At the same 
time, pure water flux decreased and Ni and Cr rejection increased. Increase in PAN 
concentration also led to increase in membrane contact angle. Ni and Cr rejection decreased 
when PEG concentration enhanced, whereas pure water flux, porosity and mean pore size were 
increased. In addition, an increase in PEG concentration led to an increase of the macro-void 
area. The addition of TiO2 nanoparticles and rise of its concentration led to increasing pure water 
flux, Ni and Cr rejection. Optimum formulation was found to be PAN: 23.93 wt. %, PEG: 
0.41wt. % and TiO2: 0.82 wt. %.  At this optimum point, Ni and Cr rejections as well as pure 
water flux were 87.093 (%), 83.271 (%) and 71.801 (Lit.m
-2
.h
-1
), respectively which are in good 
agreement with validation experiment. This investigation could help electroplating and similar 
industries to treat wastewater for the aim of reusing metals and treated water.  
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Fig. 3. The effect of PAN concentration in dope on the morphology of NF membranes (a) cross section PAN: 21 wt.% 
(a’) skin layer PAN: 21 wt.% (b) cross section PAN: 25 wt.% (b’) skin layer PAN: 25 wt.%  
(conditions: solvent: DMF, coagulating agent: water, coagulation bath temperature: 25 ˚C, casting knife gap: 200 µm). 
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Fig. 4. Individual effects of of PEG (a &b) and TiO2 (c &d) concentration on the contact angle and water contents of 
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Fig. 5. Response surface for the effect of PAN and PEG concentration on pure water flux (a) 3D surface (b) Contour. (TiO2 
conc.: 0.5 wt.%) 
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Fig. 6. Response surface for the effect of PAN and PEG concentrations on Ni rejection (a) 3D surface (b) Contour and Cr 
rejection (c) 3D surface (d) Contour. (Membranes contain 0.5 wt.% TiO2) 
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Fig. 7. The effect of PEG concentration in dope on the morphology of NF membranes (a) PEG: 0 wt.% (b) PEG: 0.75 
wt.% (c) PEG: 1.5 wt.% (conditions: PAN Conc.: 23 wt.%, TiO2 Conc. 0.5 wt.%, solvent: DMF, coagulating agent: water, 
coagulation bath temperature: 25 ˚C, casting knife gap: 200 µm). 
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Fig. 8. Response surface for the effect of PAN and PEG concentration on pure water flux (a) 3D surface (b) Contour. (PAN 
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Fig. 9. The effect of TiO2 concentration in dope on the morphology of NF membranes (a) TiO2: 0 wt.% (b) TiO2: 0.5 wt.% 
(c) TiO2: 1 wt.% (conditions: PAN Conc.: 23 wt.%, PEG Conc. 0.75 wt.%, solvent: DMF, coagulating agent: water, 
coagulation bath temperature: 25 ˚C, casting knife gap: 200 µm). 
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Fig. 10. The effect of addition of PEG, TiO2 and combined PEG-TiO2 on the surface morphology of NF membranes 
(a&a’) PEG: 0.75 wt.% TiO2: 0 wt.% (b&b’) PEG: 0 wt.% TiO2: 0.5 wt.% (c&c’) PEG: 0.75 wt.% TiO2: 0.5 wt.% 
(conditions: PAN Conc.: 23 wt.%, solvent: DMF, coagulating agent: water, coagulation bath temperature: 25 ˚C, 
casting knife gap: 200 µm). 
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Fig. 11. Response surface for the effect of PEG and TiO2 concentrations on Ni rejection (a) 3D surface (b) Contour and Cr 
rejection (c) 3D surface (d) Contour. (PAN conc.:23%) 
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Fig. 12. Comparison between experimental (actual) and predicted value for (a) Ni rejection, (b) Cr 
rejection and (c) pure water flux. 
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Fig. 13. The optimum region by overlaying plot of the three responses evaluated as a function of PAN, PEG 
and TiO2 concentration (%) (a) at constant TiO2=0.5%  (b) at constant PAN=23%. 
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Fig. 14. The effect of feed pressure on pure water flux for optimized membrane  
(PAN: 23.91%, PEG: 0.41%, TiO2: 0.82%). 
  
Table 1.The properties of TiO2 nanoparticles used in this study. 
Properties  Specification 
Titanium Oxide Nanoparticles TiO2, rutile 
Purity 99.9+%  
APS 30 nm  
SSA 35-60m2/g  
Color white  
Morphology spherical  
True density 4.23 g/cm3  
  
Variable   Low factorial (-1)  Central  (0) High factorial (+1)  
Poly(acrylonitrile) (wt.%) 21 23 25 
Poly(ethylene glycol) (wt.%) 0 0.75 1.5 
Titanium dioxide (wt.%) 0 0.5 1 
Table 2. List of independent variables and their levels. 
  
Sample/
Run  
Variables in coded levels Responses  
PAN  
(%) 
PEG  
(%) 
TiO2 
(%) 
Pure Water flux 
(Lit.m-2.h-1) 
Ni Rejection 
(%) 
Cr Rejection 
(%) 
1 -1 -1 -1 94.86 60.87 56.35 
2 -1 0 0 123.12 65.93 59.53 
3 0 0 -1 84.28 70.06 64.12 
4 -1 1 -1 132.31 53.21 51.57 
5 0 0 0 87.31 79.26 77.99 
6 -1 -1 1 104.57 69.63 67.39 
7 0 0 0 90.23 80.12 78.21 
8 0 0 0 88.01 78.32 78.44 
9 1 1 -1 59.86 70.75 66.27 
10 0 0 1 93.97 84.64 78.24 
11 0 0 0 91.42 80.36 76.92 
12 0 -1 0 65.40 82.88 79.42 
13 1 0 0 71.22 86.39 81.71 
14 0 0 0 92.59 81.78 75.36 
15 1 1 1 69.47 78.81 74.32 
16 0 0 0 91.19 79.72 76.13 
17 1 -1 1 48.14 88.87 85.60 
18 1 -1 -1 41.35 80.36 78.64 
19 0 1 0 100.29 75.36 73.51 
20 -1 1 1 145.72 60.57 58.21 
Table 3. The list of the samples and their 
corresponding variables and responses derived 
based on the experimental design. 
  
Table 4. Effect of PAN concentration on porosity and mean pore size of the membranes. 
Sample/ 
Run  
PAN 
(%) 
PEG 
(%) 
TiO2 
(%) 
Porosity 
(%) 
Mean pore size 
(nm)  
1 21 0 0 59.44 10.15 
18 25 0 0 44.41 7.99 
  
Table 5. Effect of PEG and TiO2 concentration on the characteristics of NF membranes. 
Sample/
Run  
PAN 
(%) 
PEG 
(%) 
TiO2 
(%) 
Thickness 
(µm) 
Porosity 
(%) 
Mean pore size 
(nm)  
Area fraction 
of macro-voids  
12 23 0 0.5 167.44 56.15 8.59 49.8 
5 23 0.75 0.5 178.83 65.21 9.31 50.7 
19 23 1.5 0.5 181.32 74.93 9.73 54.9 
3 23 0.75 0 170.13 56.74 9.76 48.1 
5 23 0.75 0.5 178.83 65.33 9.31 49.8 
10 23 0.75 1 165.15 73.39 8.21 46.9 
  
Source  DF Ni Rejection (%) Cr Rejection (%) Pure water flux (Lit.m-2.h-1) 
Coefficient Sum of squares p-value Coefficient Sum of squares p-value Coefficient Sum of squares p-value 
Model 9 -651.445 1677.91 <0.0001 -757.999 1674.26 <0.0001 1195.563 12680.61 <0.0001 
Linear  
PAN 1 58.228 901.93 <0.0001 66.700 874.04 <0.0001 -85.945 9643.51 <0.0001 
PEG 1 4.579 192.81 <0.0001 11.938 189.40 <0.0001 114.859 2351.01 <0.0001 
TiO2 1 22.410 223.45 <0.0001 36.931 219.12 <0.0001 34.230 242.16 0.0006 
Quadratic 
PAN2 1 -1.159 59.13 0.0010 -1.331 78.02 0.0017 1.593 111.60 0.0073 
PEG2 1 2.981 7.73 0.1281 0.992 0.74 0.6876 -14.141 174.01 0.0019 
TiO22 1 -13.787 32.67 0.0067 -19.065 62.48 0.0035 -6.699 7.71 0.3986 
Interaction  
PAN
  
Factor  Low High Optimum 
PAN  (%) 21 25 23.93 
PEG (%) 0 1.5 0.41 
TiO2 (%) 0 1 0.82 
Table 7. Predicted optimum condition for removal of Ni and Cr from wastewater 
  
Membrane type 
Water flux 
(Lit.m-2.h-1) 
Ni rejection 
(%) 
Cr rejection 
(%) 
Operating conditions Ref. 
Poly(acrilonitryle) 
(PAN/PEG/TiO2:23.93/0.41/0.82, wt.%) 
71.8 87.0 83.2 P = 10 bar 
Present 
study 
NF-90  
NF-270 
52, 54 (Ni, Cr) 
69, 224 (Ni, Cr) 
99.2 
98.7 
96.5 
95.7 
P = 30 bar [83] 
AFC30 
AFC40 
35 
 55 
75 75 P = 15 bar [84] 
Polyamide TFC 47.5 95.7 94.9 P = 4 bar [85] 
Chelating polymer modified P84 ~ 10 > 98 > 98 P = 10 bar [81] 
NF-300 ~ 70 ~ 60 ~ 55 P = 8 bar [86] 
Table 8. Performance data for several commercial and non-commercial NF membranes 
  
TiO2 Nanoparticles  
PAN Nanofiltration 
Membrane 
  
Research Highlights: 
PAN nanofiltration membranes are designed and fabricated by phase 
inversion process 
Performance of developed membranes are tested for electroplating 
wastewater treatment 
Effects of addition of TiO2 nanoparticles and PEG on the performance are 
investigated 
Response surface method used for optimization of membrane structure and 
performance 
Developed membranes show satisfactory performance compared to other NF 
membranes  
 
 
